Certain significant fallacies are involved in discussions of the high-Tc mechanism unsolved for over 30 years in cuprate superconductors. These fallacies are explored with the aim of unravelling this mechanism. Moreover, using polarised electronic Raman scattering in inhomogeneous underdoped cuprate superconductors, the intrinsic nonlinear Raman spectrum is obtained by subtracting the pseudogap characteristic of a nonlinear from the linear Raman spectrum measured in the B2g mode of the node area below the critical temperature. The intrinsic nonlinear behaviour implies the existence of the nodal superconducting gap denying d x 2 −y 2 -wave pairing symmetry. An origin of the nodal superconducting gap is discussed.
Fallacies in the high-T c mechanism in cuprate superconductors
Since the discovery of high-T c cuprate superconductors in 1986, many researchers have attempted to reveal the high-T c mechanism. The number of published papers on this topic is over 200,000; many scientific experimental systems have been carefully developed, many types of high-quality single crystals have been grown, and, in particular, many theorists have been focused on developing d x 2 −y 2 (d)-wave ( Fig. 1a ) theories with a large anti-nodal superconducting gap proportional to T c . Nevertheless, the mechanism of high-T c superconductivity is still shrouded in mystery, and this has become a historic problem in the field of condensed matter physics. What are the obstacles we need to overcome? We notice that there are significant fallacies in analyses of experimental data, and that corrections of these can be used as sources for identifying the mechanism. Here, we investigate these important fallacies.
Firstly, we take a look at the analysis of the data measured by low-resolution angle-resolved photoemission spectroscopy (ARPES) system. [1, 2] The analysis shows that the behaviour of the ARPES spectrum, measured below T c at the node in an underdoped Bi 2 Sr 2 CaCu 2 O 8+δ crystal, is similar to that above T c (B curves in Fig. 1b ). This has been accepted by many researchers as evidence of d -wave symmetry for the pairing symmetry of superconducting carriers, since d -wave does not have a superconducting node gap but contains carriers at the nodes below and above T c , and has a superconducting gap at the antinode. Additionally, a pseudogap near -0.1 eV in curve A at 20 K disappears at curve B of node (dot line) ( Fig. 1b ), which indicates that the pseudogap phase is d -wave. After this research, a highresolution ARPES system was developed, in which the measured data [3] showed a sharp clear nodal superconducting gap without broadening of no-gap characteristic (i.e. metallic characteristic) below T c (Fig. 1c ), [2] unlike in the previous work. [1] Note that an ARPES spectrum (or peak) in metal is not observed, because it is given by a product of the imaginary part of the one-particle Green function and the Fermi distribution function. Moreover, in an optimally doped Y Ba 2 Cu 3 O 7−δ crystal, a nodal superconducting gap was clearly observed by laser ARPES (Fig. 1d ). [4] The nodal superconducting gaps are evidence refuting d -wave symmetry and possible evidence for s-wave symmetry. [5] [6] ). (f) A flux image measured in a superconducting ring for an overdoped T l 2 Ba 2 CuO 6+δ film (taken from Tsuei et al. [10] ); in the case of Φ 0 , the colour tone is uniform, which is evidence of textits-wave symmetry. The dull colour image on the tricrystal point represents anisotropy.
Secondly, the half-flux quantum in a Josephson-π junction with the Josephson tunnel effect (circulation of Josephson supercurrent), theoretically suggested as evidence of d -wave pairing symmetry, was measured in an underdoped Y Ba 2 Cu 3 O 7−δ crystal ring on a tricrystal substrate in a very weak magnetic field, and was imaged using scanning SQUID (superconducting quantum interference device) microscopy ( Fig. 1e ). [6] This was credited by researchers as an experimental observation of d -wave symmetry. However, the image was anisotropic. Here, we found a fatal error that a magnetic field was applied into the junction, although the Josephson tunnel effect occurs in the absence of a magnetic field. When a magnetic field is applied to underdoped crystals with an incomplete Fermi surface, part of the magnetic field (or flux) is trapped by the superconducting phase. [7] [8] [9] Thus, the anisotropic image is evidence of both trapped flux and the absence of circulating supercurrent ( Fig. 1e ). [5] Further, a measurement of the flux quantum for an overdoped T l 2 Ba 2 CuO β+δ crystal without magnetic field showed a strong ring image with a flux quantum, Φ 0 ( Fig. 1f ). [10] This is regarded as evidence of s-wave symmetry.
Thirdly, for underdoped crystals with an incomplete Fermi surface, many researchers believe that the superconducting gap below T c is formed at the antinode despite the absence of the superconducting gap at the antinode, although the Fermi arc near the node has been measured by ARPES above T c . [4] This is a misplaced preconception.
These fallacies arise from the inhomogeneity of the cuprate superconductors, composed of a non-superconducting d -wave pseudogap phase and an s-wave-like superconductor phase. [4] When these fallacies are rectified, the high-T c mechanism can be clarified.
Intrinsic electronic Raman spectrum and pairing symmetry
The pairing symmetry of superconducting carriers in inhomogeneous cuprate superconductors, which explains the high-T c mechanism, is believed by many to be d x 2 −y 2 -wave with the electronic structure of the superconducting gap at the antinode and no gap at the node. This has remained unproven for over 30 years. Since polarized electronic Raman scattering (ERS) measures the characteristics of the bulk rather than the surface, unlike photoemission spectroscopy, ERS data (or spectra) can generate more accurate information on the characteristics of superconductors. One theory of ERS is that when d x 2 −y 2 -wave symmetry is assumed, I(ω) ∝ ω, linear behaviour, in the B 2g mode and I(ω) ∝ ω 3 for the B 1g mode are calculated below a wave number corresponding to an energy gap. [11] ERS experiments show the linear behaviour in the B 2g mode measured at the node area below T c for underdoped crystals (Figs. 2a, 2b, and 2d ). [14] [15] [16] The ω 3 behaviour was investigated in optimally doped crystals although the linear behaviour did not show at the B 2g mode. [14] Since the measured data from inhomogeneous crystals with at least two phases has an averaged effect of the two phases to the measurement region, it is very difficult to determine the intrinsic effect. It is therefore necessary to decompose the measured data and analyse the intrinsic characteristics. ERS data well decomposed in an electron-doped cuprate P r 2−x Ce x CuO 4−δ superconductor [14] is reviewed here (Figs. 2c-2e ), allowing us to demonstrate the intrinsic effect. The authors measured a low-temperature curve (blue) at 4 K in the superconducting state and a curve (pink) in the normal state ( Figs. 2c-2e ). [14] The normal state curve was decomposed into Drude (green curve) and incoherent (black curve) components. The Drude component arose from free carriers in the normal state, and the incoherent component was caused by the pseudogap phase. Fig. 2c shows an absence of the superconducting gap in the B 1g mode of the antinode. Both the superconducting gap and the linear behaviour in the B 2g mode are represented by the blue curve in Fig. 2d . It was suggested that the low-temperature curve (blue) for the B 2g mode is attributable to the Drude component (green) in the normal state. [14] The energy gap in the B 2g mode was interpreted to be the d -wave (or non-monotonic d -wave) superconducting gap near the node, rather than at the node. [14] As a comment, it should be noted that, since the ERS data have two effects arising from the superconducting and pseudogap phases, the incoherent pseudogap component (black) should be subtracted from the curve (blue) measured at low temperature, in order to reveal the intrinsic superconducting curve. The effect of the incoherent component is explained as an example. The incoherent curve (black) measured for a crystal with optimal doping in Fig. 2(e) is much smaller than that shown in Fig. 2(d) , due to the insulator-metal transition induced by electron doping. The Drude curve (green) and the superconducting curve (blue) in Fig. 2(e) are much larger. The intrinsic superconducting curve (shown in orange) without the incoherent component follows a polynomial function of y = 2.36072 + 0.11427x − 0.0068x 2 + 1.39131 × 10 −4 x 3 where x is the wave number. This indicates that the incoherent component has a strong influence on the ERS data. Linear behaviour is shown below 150 cm −1 and a superconducting gap is observed near 250 cm −1 . This curve was redrawn from the original data. [15] (b) The B 2g mode measured by ERS at 10 K for an underdoped Bi 2 Sr 2 CaCu 2 O 8+δ single crystal with T c ≈ 68 K. Linear behaviour is shown below 300 cm −1 and a superconducting gap is exhibited near 380 cm −1 . This curve was redrawn from the original data. [16] In both types of crystals, the d -wave superconducting gap in the B 1g mode of the antinode was not observed. [15, 16] (c) The B 1g mode measured at the antinode area using ERS at 4 K in an underdoped P r 2−x Ce x CuO 4−δ (x = 0.135) single crystal with T c ≈16.5 K. The d -wave superconducting gap is not shown. The insets display the presence of two phases in the measurement region for the two-phase model and the measurement areas in k -space of the B 1g and B 2g modes. (d) The B 2g mode measured using ERS under the same conditions as for the crystal used in Fig. 1c . The pink curve was measured in the normal state; the green and black curves were decomposed by the pink curve. The blue curve measured at 4 K shows linear behaviour and a superconducting gap. The violet curve (red star) shows the fitting of the intrinsic superconducting curve (shown in orange) obtained by subtracting the incoherent part (black), giving the final result shown here. The small background is shown. (e) The B 2g mode measured using ERS for an optimal doped P r 2−x Ce x CuO 4−δ (x = 0.147) single crystal with T c ≈ 23.5 K. The pink curve was measured in the normal state; the green and black curves were decomposed by the pink curve. The blue curve measured at 4 K includes a superconducting gap. The intrinsic superconducting curve (orange) was obtained by subtracting the incoherent part (black). Figs. 2 (c, d , and e) were redrawn using data extracted from original data. [14] In the case of the underdoped crystal (Fig. 2d) , the intrinsic superconducting curve (orange) is obtained from subtracting the effect of the incoherent pseudogap phase (black) from the measured superconducting curve (blue). This fits the polynomial function y = 0.7051 − 0.03343x − 4.00818 × 10 −6 x 2 + 4.5587 × 10 −5 x 3 (violet curve, red star), rather than a linear function, such as the intrinsic superconducting curve (orange) ( Fig. 2e ). This is a new result, because of which we suggest that the linear behaviors ( Figs. 2a, 2b, and 2d) in the same context are also not intrinsic. Moreover, in previous researches, a similar curve on B 1g for an overdoped Ca-Y BCO crystal [17] and a nonlinear curve at B 2g in an optimally doped La 1.85 Sr 0.15 CuO 4 crystal [18] were observed. Instead, the nonlinear behavior denying d x 2 −y 2wave symmetry indicates that the super gaps ( Figs. 2a, 2b, and 2d ) are the superconducting gap like the Fermi-arc shape formed at and nearby the node, which is a starting point for the formation of the s-wave gap. [5, 19] This may resolve the core problem of the high-T c mechanism. Further analyses of other experiments involving pairing symmetry are given. [19, 20] 3 Origin of nodal superconducting gap The forming mechanism of the gap is a core problem in the cuprate superconductor mechanism. An important phenomenon for the formation of the gap is Fermi arc with carriers at and near the node. [5, 14, [21] [22] [23] [24] [25] [26] [27] [28] The Fermi arc is caused from the d -wave insulator-metal transition (IMT) which means that the insulating pseudogap phase changes into metal at the node. [2, 5, 19, 26, 29] The IMT has been driven by disorder [30] or impurity. [19, 31, 32] Therefore, the nodal superconducting gap is formed below T c by carriers of Fermi arc generated by the d -wave insulator-metal transition. This is schematically explained in Fig. 3 . [5, 19] Fig. 3 : Forming mechanism of the nodal superconducting gaps for cuprate superconductors. [5, 19] The presence of a fictitious isotropic pseudogap in a doped Mott insulator with a disorder or inhomogeneity is assumed. When excitation occurs by applying temperature, chemical doping, pressure etc to the doped Mott insulator, a transition from insulator to metal takes previously place at the node rather than the antinode. This is called the d -wave insulator-metal transition. Then, the Fermi arc is formed and the nodal superconducting gap is formed below T c . For optimal or over doping, the Fermi surface is completely formed. Finally, the complete s-wave superconducting gap is formed.
Conclusion
The cause unsolved over 30 years of the cuprate superconductor mechanism was attributed to fallacies on analysis of experimental data. New analysis on the electronic Raman-spectrum data with linear characteristic, suggested as evidence of d -wave symmetry, revealed a nonlinear behavior regarded as evidence of s-wave symmetry. The superconducting gap is firstly formed at the node due to the d -wave insulator-metal transition and develops from the node to the antinode with increasing doping. [5, 19] Finally, the s-wave superconducting gap is made. Therefore, we maintain that pairing symmetry of Cooper pair in high-T c cuprate superconductors is s-wave.
